Natural genetic transformation is a widespread mechanism of bacterial horizontal gene 27 transfer. Transformation involves the internalization of exogenous DNA as single 28 strands, followed by chromosomal integration via homologous recombination, 29 promoting acquisition of new genetic traits. Transformation occurs during a distinct 30 physiological state called competence, during which all proteins required to transform 31 are produced. In the human pathogen Streptococcus pneumoniae, competence is 32 controlled by a two-component system ComDE, which is induced by an exported 33 peptide pheromone. DprA is universal among transformable species, strongly and 34 specifically induced during pneumococcal competence, and crucial for pneumococcal 35 transformation. Pneumococcal DprA plays three crucial roles in transformation and 36 competence. Firstly, DprA protects internalized single-stranded (ss) DNA from 37 degradation. Secondly, DprA loads the homologous recombinase RecA onto 38 transforming ssDNA to promote transformation. Finally, DprA interacts with the 39 response regulator ComE to shut-off pneumococcal competence. Pneumococcal shut-40
promoting competence shut-off. This promotes survival and propagation of 48 transformants, thus maximizing the adaptive potential of this human pathogen.
Importance
Introduction 64 Natural genetic transformation is a mechanism of horizontal gene transfer which varying cellular DprA levels on its roles in competence shut-off and transformation, the 151 dprA gene was placed in the CEP platform (35) controlled by the P lac promoter to 152 generate CEP lac -dprA (Figure 2A ), before inactivation of native dprA using a 153 spectinomycin resistance cassette (dprA::spc 21C , (18)). Western blots using α-DprA 154 antibodies show that expression levels of dprA can be finely tuned by varying IPTG 155 concentration ( Figure 2B ). To determine the number of DprA molecules per cell in each 156 IPTG concentration, quantitative Western blots were carried out as previously Optimal transformation requires few DprA molecules per competent cell 166 The conserved role of DprA is as a RMP, to load RecA onto transforming ssDNA 167 during transformation (15). To investigate whether reducing cellular DprA levels 168 impacted pneumococcal transformation, the transformation efficiency of CEP lac -dprA, 169 dprAcells in varying concentrations of IPTG was determined. To achieve this, CEP lac -170 dprA, dprAcells were transformed with either saturating concentrations of genomic 171 DNA possessing a point mutation conferring streptomycin resistance (rpsL41), or non-172 saturating concentrations of a PCR fragment possessing the same point mutation, 173 where on average one DNA molecule is present per three competent cells. In 174 saturating DNA concentrations ( Figure 3A) , there was no significant difference between transformation efficiencies in presence of 12-50 μM IPTG (2, 500 DprA cell, there is a modest but significant three-fold drop in transformation efficiency, 178 followed by a rapid linear decline in transformation efficiency below this point. Indeed, 179 in the absence of IPTG, where only ~40 DprA molecules are produced per competent 180 cell, transformation efficiency drops ~240-fold. This remains above the >5-log drop 181 observed in dprAcells (15), showing that even 40 molecules of DprA are capable of 182 ensuring transformation. Taken together, these results show that full transformation 183 efficiency is maintained in presence of ~650-2,250 molecules of DprA, but that below 184 this point, the cellular levels of DprA fall below those necessary to stimulate optimal 185 transformation. In non-saturating DNA concentrations, the profile of efficiency was 186 similar, although there was no significant difference between ~6,500 and ~650 187 molecules of DprA ( Figure 3B ). This result shows that even when transforming DNA is of protected ssDNA was observed in wildtype at both timepoints, while no signal was 211 detected for dprAcells ( Figure 4A ), as previously reported (17, 36) , indicating rapid 212 degradation of transforming ssDNA after internalization. For CEP lac -dprA, dprAcells, 213 25 µM IPTG showed ssDNA protection similar to wild-type, followed by a loss of 214 protection correlating with decreasing IPTG concentration ( Figure 4A ). Density plots of 215 the ssDNA smears in each lane ( Figure 4BC ) and calculation of the area under these 216 plots ( Figure 4D ) allowed quantification of ssDNA protection and showed that below 6 217 µM of IPTG (~650 DprA molecules/cell), almost no protection of transforming ssDNA 218 was observed ( Figure 4BCD ), correlating with the rapid loss of transformation 219 efficiency observed in these conditions ( Figure 3AB ). Taken together, these results 220 show a strong correlation between protection of ssDNA and transformation efficiency.
221
This strongly suggests that ssDNA protection mediated by DprA limits transformation 222 efficiency.
Optimal competence shut-off requires full expression of dprA 244 The master regulator of competence ComE is produced at over 80,000 245 molecules per competent cell (37), although it is unclear what proportion of this is 246 phosphorylated. In addition, previous experiments showed that full expression of dprA 247 was not required for optimal transformation (Figure 3 ). We next explored whether the 248 high levels of DprA expression during competence were necessary for its interaction with ComE~P to mediate competence shut-off. To determine the impact of reducing 250 cellular levels of DprA on competence shut-off, a transcriptional fusion consisting of 251 the promoter of the late com gene ssbB and the luc reporter gene (38), which allows 252 tracking of competence in live cells in real time, was inserted into the CEP lac -dprA, 253 dprAstrain. The shut-off of competence was determined in this strain in the same 254 IPTG gradient as used above, compared to wildtype and dprAstrains. Competence 255 was rapidly induced in wildtype cells, reaching a peak around 20 minutes post-256 induction, followed by shut-off ( Figure 6A ). In the absence of dprA, no competence 257 shut-off was observed ( Figure 6A ), in line with previous results (18). In the CEP lac -dprA, 258 dprA -, ssbB-luc strain, the peak of competence occurs slightly later than in the wildtype 259 strain ( Figure 6B ), possibly due to the ectopic expression of dprA prior to competence 260 induction. However, maximal expression of dprA results in slightly slower competence 261 shut-off, showing that even ~6,500 DprA molecules per cell were not sufficient for 262 optimal shut-off. Below this point, a sequential loss of competence shut-off was 263 observed, with no shut-off at all observed below ~650 DprA molecules per cell ( Figure   264 6B). As previously reported, the absence of dprA delays growth in competent cells 265 (18). Following growth in CEP lac -dprA, dprAcells after competence induction revealed 266 an inverse correlation between growth rate and competence shut-off ( Figure S2B ) with 267 growth more severely affected in conditions where competence was poorly shut-off.
268
This confirmed the importance of competence shut-off for pneumococcal physiology.
269
Taken together, these results show that optimal competence shut-off, but not 270 transformation, requires high cellular levels of DprA. 
High cellular levels of DprA are important for transformant fitness
To determine if absence of DprA impacts cell viability, colony-forming units (cfu mL -1 ) were compared to OD492 readings in competent dprA + and dprAcultures. This 275 revealed a decreased cfu mL -1 in dprAcultures, strongly suggesting that the lack of 276 competence shut-off affects cell viability as well as negatively impacting growth ( Figure   277 S3AB). This was confirmed by tracking competent dprA + and dprAcells by 278 microscopy, where frequent cell lysis was observed in dprAcells ( Figure S4 ). The 279 absence of DprA thus impacts cell viability as well as physiology. This suggested that 280 high levels of DprA in competent cells mediate competence shut-off and thus ensure 281 fitness of transformants. To explore this, we took advantage of the fact that a CEP lac -282 dprA, dprAstrain grown in 6 µM IPTG transformed at wild-type levels ( Figure 3B ) while 283 displaying almost no shut-off of competence ( Figure 6B ). An equal number of 284 competent dprA + and CEP lac -dprA, dprAcells containing different selectable markers 285 (Cm R and Kan R respectively) were mixed and grown in 6 µM IPTG. Cells were then 286 transformed with an rpsL41 DNA fragment (conferring Sm R ) and grown together in 287 liquid culture for 3 h 30 min prior to plating and selection. During this time period, dprA + 288 cells should transform, then rapidly shut-off competence and grow, while CEP lac -dprA, 289 dprAcells should also transform but then take longer to shut-off competence, strongly 290 impacting growth ( Figure S2 ). By comparing transformation efficiencies based on the 291 whole mixed population or each individual population, we can directly compare the 292 fitness of transformants ( Figure S5 ). Comparing transformation of individual 293 populations (real transformation ratio) showed that CEP lac -dprA, dprAcells 294 transformed at levels comparable to dprA + cells ( Figure 6C ). When comparing 295 transformation efficiencies based on the whole mixed population (mixed transformation 296 ratio), dprA + transformants were recovered over 6-fold more than CEP lac -dprA, dprA -297 ( Figure 6C) , showing that although the individual populations transformed at similar levels, the lack of competence shut-off in CEP lac -dprA, dprAresulted in these 299 transformants being out-competed by dprA + transformants. However, in 50 µM IPTG, 300 where CEP lac -dprA, dprAcells transform fully and shut off competence, the dprA + cells 301 did not out-compete the CEP lac -dprA, dprAcells, since both shut-off competence 302 ( Figure 6C ). This showed that the high levels of DprA produced in competent cells 303 ensure the fitness of transformants by rapidly shutting off competence, promoting the 304 propagation of cells having acquired potentially advantageous genetic alterations. Optimal transformation efficiency does not require full dprA expression 309 In this study, we showed that although ~8,300 molecules of DprA are produced 310 per competent cell, only ~650-2,250 are required to ensure optimal transformation 311 efficiency ( Figure 3 ). Below ~650 DprA molecules per cell, a rapid drop in efficiency is 312 observed, although even with only ~40 DprA molecules, transformation still occurs.
313
Despite a ~240-fold decrease in efficiency compared to optimal conditions, this 314 remains high above the ~10,000-fold decrease observed in dprAcells (15, 17). Thus,
315
~40 DprA molecules per cell is enough to carry out transformation, but between ~650 316 and ~2,250 molecules are required to ensure optimal transformation. This is most likely 317 an over-estimate of the number of DprA molecules required for transformation, as in 318 these conditions, competence shut-off still occurs to some extent ( Figure 6B ), and thus 319 the majority of available DprA may be mobilized to this end rather than for 320 transformation. Therefore, fewer DprA molecules are probably required for fitness. It has been suggested that the link between competence and fitness provides a selective pressure for maintenance of an intact com regulon, which in turn provides 423 the adaptive benefit of transformation (43). Here, we have shown that the high cellular 424 levels of DprA are crucial for optimal competence shut-off and for the fitness of 425 transformants. We suggest that these high levels have evolved to ensure tight control 426 of competence shut-off, providing a fitness advantage to pneumococcal transformants 427 and maximizing the adaptive potential that transformation provides. Since DprA is The pneumococcal strains and primers used in this study can be found in Table   436 S1. Standard procedures for transformation and growth media were used (44). In this 437 study, cells were rendered unable to spontaneously develop competence by replacing 438 the comC gene which encodes CSP1 with an allelic variant encoding CSP2 (45), since 439 ComD1 is unable to respond to CSP2 (46). Unless described, pre-competent cultures 440 were prepared by growing cells to a OD550 of 0.1 in C+Y medium before 10-fold 441 concentration and storage at -80°C as 100 µL aliquots. Antibiotic concentrations (µg 442 mL -1 ) used for the selection of S. pneumoniae transformants were: chloramphenicol 443 (Cm), 4.5; kanamycin (Kan), 250; spectinomycin (Spc), 100; streptomycin (Sm), 200.
444
For the monitoring of growth and luc expression, precultures were gently thawed and transferred from R895 as previously described (38). The dprA::spc 21C cassette was 450 transferred from R1800 as previously described (18). To determine the transformation efficiency of R3834 (CEP lac -dprA, dprA -), we 454 used a previously-described transformation protocol (44). Briefly, pre-competent cells 455 were prepared by growth to OD550 0.1 in 3 mL C+Y medium containing varying 456 concentrations of IPTG (1, 3, 6, 12, 25, 50 μM), centrifuged to harvest cells and 457 resuspended in 300 μL C+Y with 15% glycerol before being split into 100 μL aliquots 458 containing ~10 7 cells. For transformation, 100 μL aliquots of pre-competent cells were 459 resuspended in 900 μL fresh C+Y medium with 100 ng mL -1 CSP and appropriate IPTG 460 concentrations and incubated at 37°C for 10 minutes. Transforming DNA was then 461 added to a 100 μL aliquot of this culture, followed by incubation at 30°C for 20 minutes.
462
Cells were then diluted and plated on 10 mL CAT agar with 5% horse blood and 463 appropriate concentrations of IPTG before incubation at 37°C for 2 h. A second 10 mL 464 layer of CAT agar with streptomycin (200 µg mL -1 ) was added to plates to select 465 transformants, and plates without antibiotic were used as comparison to calculate Figure S5 ). (R3833, Kan R ) cells was mixed before being induced to competence by CSP, exposed 800 to transforming DNA (rpsL41 PCR, conferring Sm R ) and diluted to allow phenotypic 801 expression. After phenotypic expression, cells were diluted and plated to select for 802 either all cells (no selection), dprA + cells (Cm R ), CEP lac -dprA, dprAcells (Kan R ), dprA + transformants (Cm R , Sm R ) and CEP lac -dprA, dprAtransformants (Kan R , Sm R ). From 804 these values, the real and mixed transformation efficiencies were calculated for each 805 population, and real and mixed transformation ratios were determined. Comparing the 806 ratios in conditions where competence shut-off is present (50 µM IPTG) or absent (6 807 µM IPTG) allows us to define the effect of competence shut-off on transformant fitness. 1 5 1 5 1 5 1 5 1 5 1 5 1 5 1 5 CEP lac -dprA, dprA -dprA -dprA + Figure 6 : The effect of varying IPTG concentration on competence shut-off in CEPlac-dprA, dprA -. (A) Competence shut-off tracked using ssbB-luc in wildtype (R3584, green) and dprA -(R3587, red) strains. Results represent averages of triplicate repeats. (B) Competence shut-off tracked using ssbB-luc in CEPlac-dprA, dprA -(R3834) at varying levels of IPTG. 0 μM, purple; 1 μM, violet; 3 μM, blue; 6 μM, green; 12 μM, yellow; 25 μM, orange; 50 μM, red. Results represent averages of triplicate repeats. (C) Ratios of transformation efficiency between dprA + (R3584) and CEPlac-dprA, dprA -(R3833) cells in conditions where CEPlac-dprA, dprAtransforms optimally but does (50 µM IPTG) or does not (6 µM IPTG) shut-off competence optimally. Comparing real (orange) and mixed (blue) transformation efficiencies allows us to determine the effect of abrogating competence shut-off on transformant fitness (see Figure S5 ). However, only ~300 DprA dimers are required to ensure optimal transformation efficiency (red). DprA is necessary to generate transformants, and to ensure cell fitness by shutting off competence, ensuring the adaptive potential of transformation can be realized.
